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ABSTRACT      
BACKGROUND: Quadriceps weakness is a known risk factor for the onset of knee osteoarthritis (OA). In addition to muscle weakness, in-
creased passive stiffness of the quadriceps may affect knee biomechanics and hence contribute to the pathogenesis of knee OA. However, the 
association between quadriceps stiffness and the risk of knee OA development has not been prospectively investigated.
AIM: The aim of this study was to investigate how baseline quadriceps passive stiffness predicts the incidence of clinical knee OA at the 
12-month follow-up.
DESIGN: Prospective cohort study.
SETTING: University laboratory.
POPULATION: Community-dwelling adults aged 60-80 years were recruited. We excluded participants with: 1) knee pain or known arthritis; 
2) knee injury; 3) knee or hip joint replacement, 4) cognitive impairment; or 5) neurological conditions.
METHODS: At baseline, passive stiffness of the three superficial quadriceps muscle heads (rectus femoris [RF], vastus lateralis [VL], and 
vastus medialis oblique [VMO]) was evaluated using shear-wave ultrasound elastography. Knee muscle (quadriceps and hamstrings) strength 
was tested using a Cybex dynamometer. Knee OA was defined based on clinical criteria 12 months after baseline measurements. Generalized 
estimating equations were used to examine the associations of quadriceps stiffness and knee muscle strength with the risk of knee OA, control-
ling for age, sex, Body Mass Index, comorbidities, and activity level.
RESULTS: The analyses included 158 knees (58.2% females, age: 65.6±4.1 years). Twenty-eight knees (17.7%) were classified as having clini-
cal OA at 12 months. Compared with the lowest stiffness tertiles, the highest stiffness tertiles of the RF (relative risk =5.31, 95% CI: 1.34-21.0), 
VMO (4.15, 1.04-16.6), and total superficial quadriceps (6.35, 1.48-27.3) at baseline were significantly associated with a higher risk of knee OA 
at the follow-up. The highest strength tertile of quadriceps has a trend of association with a lower risk of knee OA than the lowest tertile (0.18, 
0.03-1.25, P=0.083).
CONCLUSIONS: Greater passive stiffness of the quadriceps at baseline was associated with a higher risk of clinical knee OA incidence at the 
12-month follow-up.
CLINICAL REHABILITATION IMPACT: Interventions for reducing the passive stiffness of the quadriceps should be included in preventative 
training programs for older adults.
(Cite this article as: Li Z, Leung KL, Huang C, Huang X, Chung R, Fu SN. Passive stiffness of the quadriceps predicts the incidence of clinical knee 
osteoarthritis in twelve months. Eur J Phys Rehabil Med 2023;59:65-74. DOI: 10.23736/S1973-9087.22.07634-1)
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Knee osteoarthritis (OA) is considered to be a whole-
organ disease that develops slowly along a continuum 

from early clinical vulnerability to established OA.1 Al-
terations in gait mechanics and neuromuscular function 

have been linked to the initiation and progression of knee 
OA.2, 3 The loading response phase, which immediately 
follows the initial contact of the heel with the ground, in-
duces an abrupt, large loading impact on the lower limb 
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which is also known as the retinacular layer.24 Increased 
stiffness25 and altered length patterns26 of ligamentous 
structures in the knee may increase the force required for 
knee motion. An increase in the passive stiffness of quadri-
ceps muscle heads may also affect normal knee kinematics 
and passive knee moments through their connections with 
peri-articular structures. These effects may be related to 
the development of knee OA.

The aim of this study was to determine whether passive 
stiffness of the quadriceps is associated with the incidence 
of knee OA in community-dwelling older adults and to 
explore whether this association is muscle-head-specific. 
We hypothesized that increased passive stiffness of the 
quadriceps muscle at baseline would be associated with a 
higher risk of developing clinical knee OA at the 12-month 
follow-up, and that this association may be significant for 
each muscle head.

Materials and methods

Study sample

This was a prospective cohort study. Participants were re-
cruited from local communities from November 2018 to 
October 2019. Potential participants were included if they 
were: 1) aged 60-80 years; and 2) able to walk for 10 me-
ters without using an assistive device. Potential participants 
were excluded if they had: 1) knee pain or known arthritis; 
2) a history of knee injury; 3) knee or hip joint replace-
ment; 4) cognitive impairment; or 5) a neurological condi-
tion (e.g., stroke or Parkinson’s disease). The study was ap-
proved by the human subject’s ethics sub-committee of the 
administering institution (ID no.: HSEARS20180110001). 
All eligible participants provided their written informed 
consent prior to data collection. The study was conduct-
ed at the Sports Training and Rehabilitation Laboratory 
(STAR LAB) of the administering institution.

Demographics

At baseline, age, sex, and Body Mass Index (BMI) of all 
eligible participants were collected. Known comorbidities 
including hypertension, diabetes, cardiopulmonary dis-
ease, and dyslipidemia were also documented. Each par-
ticipant was categorized as having a sedentary or active 
lifestyle based on the type and duration of physical exer-
cises recommended by the U.S. Department of Health and 
Human Services.27 The Montreal Cognitive Assessment, 
with a cut-off score of 22, was used to screen for the pres-
ence of mild cognitive impairment.28

joints.4 During this critical phase, the quadriceps muscle 
functions eccentrically to control knee flexion excursion 
and thus attenuate the impact of knee loading.2, 4 Reduced 
quadriceps strength5-8 and increased co-contraction of 
muscles spanning the knee joint9 have been studied and 
shown to be significant predictors of the onset5-7 and pro-
gression of knee OA.8, 9 Conceptually, passive muscular 
tension may also influence knee flexion excursion and dy-
namic joint stiffness10, 11 and thus may increase the risk of 
knee OA.

Intersegmental movement is achieved by contractions 
of skeletal muscles and deformations of the periarticular 
structures, which generate resistance to joint movements 
and produce passive joint moments.12 Whittington et al. 
(2008) reported that substantial passive moments may be 
present during normal gait and that stretching of the articu-
lar muscles may influence these passive moments.13 The 
quadriceps muscle spans the knee joint via the muscle-ten-
don complex system. An increase in passive stiffness of the 
quadriceps, characterised by reduced compliance,14 may 
contribute to a high level of dynamic knee stiffness.10, 11 
Dynamic knee joint stiffness, a biomechanical interaction 
between external knee flexion moments and knee flexion 
motion, is a mechanical factor associated with patellofem-
oral cartilage damage11 and the severity of tibiofemoral 
knee OA.15, 16 Age-related increases in passive stiffness of 
the quadriceps muscle have been reported.17 As the preva-
lence and incidence of knee OA in the elderly are espe-
cially high.18 It is thus important to explore whether pas-
sive stiffness of the quadriceps muscle is one of the muscle 
properties associated with knee OA in the older population.

Passive joint moments have been measured in vivo for 
joints that are passively moved automatically.13 More 
recently, ultrasound shear wave elastography has been 
used to measure in vivo muscle shear modulus (an index 
of stiffness).19 This technique allows passive stiffness to 
be measured for individual muscle heads, with good test-
retest reliability.19, 20 The individual heads of quadriceps 
muscles have different attachment sites and anatomical 
features.21-24 Therefore, these individual muscle heads 
may induce different impacts on the knee via their connec-
tions with peri-articular ligaments and tendons. Fibres of 
the vastis medialis oblique (VMO) mesh with the medial 
patellofemoral ligament.22 The vastis lateralis (VL) con-
nects with the lateral retinaculum, and the rectus femoris 
(RF) continues as the patellar tendon23 to reinforce the pas-
sive tension of the peri-articular structures. In addition, all 
quadriceps muscle heads terminate as a common aponeu-
rosis, merging into the anterior third of the knee capsule, 



QUADRICEPS STIFFNESS AND RISK OF KNEE OA	LI

Vol. 59 - No. 1	 European Journal of Physical and Rehabilitation Medicine	 67

in neutral position.20 The measurement sites were halfway 
between the anterior superior iliac spine (ASIS) and the 
patella superior border for the RF; distally 1/3 of the dis-
tance between the ASIS and the patella lateral border for 
the VL; and distally 1/5 of the distance between the ASIS 
and the patella medial border for the VMO.20 The trans-
ducer was positioned perpendicularly and aligned to the 
shortening direction of the lateral component of the RF 
fascicles and the muscle fiber directions for the VL and 
VMO.20, 29 Ultrasound gel was applied to the skin, and 
minimum pressure from the ultrasound probe was con-
trolled to avoid compressing the underlying muscle.30 A 
11-second video (1 sample/second with a spatial resolu-
tion of 1 × 1 mm) was captured when the tested muscle 
was at rest (monitored using ultrasound images).

Each video was then transformed into 11 frames, with 
the middle five frames averaged for analysis. The region of 
interest (a two-dimensional map of the muscle shear mod-
ulus) was delineated according to the muscle thickness be-
neath the marked site (Figure 1). The shear modulus values 
(in kPa) from each muscle head were computed using the 
MATLAB program (The MathWorks, Inc, Natick, MA, 

Baseline measurements

Passive stiffness of the quadriceps

Muscle shear modulus, an index of muscle stiffness,19 of 
the three superficial muscle heads of the quadriceps – the 
RF, VL, and VMO – of both limbs were assessed using 
shear-wave elastography with an Aixplorer ultrasound 
scanner (Aixplorer Version 4.2; Supersonic Imagine, Aix-
en-Provence, France), coupled with a linear ultrasound 
probe (4–15 MHz, Super Liner 15-4; Supersonic Imagine) 
following a previously established protocol.20

Measurements were conducted at the STAR LAB with 
the room temperature controlled at 25 °C. Participants 
were in the supine position with their knees at 60° flex-
ion and their hips maintained in a neutral position using 
an adjustable brace. Such measurement position was cho-
sen to assess the passive stiffness of individual quadriceps 
muscle heads beyond their slack angles, and to observe the 
possible distinctive effects of individual muscle heads, as 
the distinctive passive stiffness can be seen between the 
bi-articular (RF) and mono-articular (VL and VMO) mus-
cle heads when the knee was flexed beyond 54° with hips 

Figure 1.—Shear-wave elastography ultrasound images of the rectus femoris (RF), vastus lateralis (VL), and vastus medialis oblique (VMO) 
muscles from subjects with and without clinical knee osteoarthritis (OA).
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clinical  
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Colorful scale bar indicates the magnitude of muscle stiffness (shear modulus), from low (blue) to high (red).
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of each variable was assessed using the Shapiro-Wilk test. 
The mean±standard deviation and median (interquartile 
range) were reported for normally and non-normally dis-
tributed data, respectively. Associations between baseline 
muscle properties (passive stiffness of the RF, VL, VMO, 
and total superficial quadriceps [RF + VL + VMO]; quadri-
ceps and hamstrings muscle strength) and potential covari-
ates were examined using logistic (for the dichotomous 
variables: sex and activity level), ordinal (for the ordinal 
variable: comorbidity), or linear (for the continuous vari-
ables: age and BMI) regression. The relationships between 
potential covariates and knee OA were also determined us-
ing logistic regression analysis.

The tertiles of each baseline measurement were com-
puted to define the cut-off values for higher or lower mus-
cle stiffness and strength in this cohort. Participants were 
grouped into three categories based on the lowest, middle, 
and highest tertiles.7 Logistic regression was used to ex-
amine the potential associations between baseline muscle 
properties (the independent variables: quadriceps stiffness 
and knee muscle strength) and the incidence of clinical 
knee OA (the dependent variable). We used generalized 
estimating equations to control for between-knee correla-
tions within each participant. Factors (age, sex, BMI, co-
morbidities, and activity level) having significant correla-
tions with baseline muscle properties or with clinical knee 
OA were entered as covariates.

The relative risk (RR) with 95% confidence intervals 
(95% CIs) and corresponding P values are reported for 
each model. Statistical significance was set at P<0.05 
(two-tailed).

Results

Two hundred and twenty-five older adults were screened. 
The baseline measurements of 162 eligible older adults 
were conducted from November 2018 to October 2019. 
At the 12-month follow-up visit, 83 participants were lost 
or had dropped out. Seventy of these participants were 
reluctant to leave home because of the coronavirus dis-
ease 2019 (COVID-19) pandemic, five dropped out due 
to loss of contact, and eight dropped out due to loss of 
interest. Further analyses were performed on 158 knees 
from 79 participants (58.2% females, age: 65.6±4.1 years; 
Figure 2). No significant differences in demographic data 
or baseline measurements were found between the par-
ticipants who completed the study and those who dropped 
out (Table I).

At the follow-up visit, 28 knees (17.7%) from 19 partic-

USA). The shear modulus of the total superficial quadri-
ceps was calculated as the summation of the RF, VL, and 
VMO shear moduli. All measurements were conducted by 
a single examiner (LZP). The intra-rater reliability values 
for 20 healthy older adults (50% females) of a similar age 
were 0.94, 0.89, and 0.94 for the RF, VL, and VMO, re-
spectively (unpublished results).

Quadriceps and hamstrings strength

The isokinetic peak torques of the quadriceps and ham-
strings of both limbs were assessed at a constant angular 
velocity of 60°/second using a Cybex isokinetic dynamom-
eter (Cybex Co., Ronkonkoma, NY, USA).7 Participants 
were in a seated position and were instructed to move their 
knee concentrically to full extension (0° of knee flexion) 
and to maximum knee flexion with maximal effort, and 
each for five times. A warm-up trial with 50% maximal 
voluntary effort was performed, and verbal encourage-
ment was given during the tests. The peak torque values 
of the middle three trials for knee extension (quadriceps) 
and flexion (hamstrings) were averaged and normalized to 
body mass (Nm/kg). The test-retest reliability values for 
20 healthy older adults (50% females) of a similar age and 
body mass were 0.90 and 0.91 for the quadriceps and ham-
strings, respectively (unpublished results).

Clinical knee OA

All participants were invited for a follow-up visit at the 
STAR LAB, 12 months after their first visit. A clinical ex-
amination was conducted by a physiotherapist (HXP) with 
8 years of postqualification experience. Clinical examina-
tions of the knee joint were used to assess bony enlarge-
ment, warmth, bony tenderness, and crepitus based on a 
standardized protocol.31 Clinical knee OA was defined 
based on the American College of Rheumatology (ACR) 
clinical criteria. As all participants were older than 50 
years, they were regarded as having clinical knee OA if 
they had pain in the knee and any two of the following 
items: 1) morning stiffness for <30 minutes; 2) crepitus; 3) 
bony tenderness; 4) bony enlargement, or 5) no palpable 
warmth of the synovium.32 Pain intensity (numeric rating 
scale), related activities, and the region of knee pain were 
also documented. The assessor and all participants were 
blinded to the baseline measurements.

Statistical analysis

Data analyses were performed using SPSS (Version 23.0, 
IBM Corp., Armonk, NY, USA). The normal distribution 
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ipants (10 unilateral and 9 bilateral) were classified as hav-
ing clinical OA (73.7% females). Knee pain was mostly 
reported during walking up or down stairs (92.9%), walk-
ing up or down slopes (85.7%), and squatting (71.4%), 
followed by kneeling (64.3%), walking (39.3%), running 
(35.7%), and jumping (35.7%). The painful regions were 
most commonly the anterior (50.0%) and lateral (50.0%) 
regions of the knee, followed by the medial (42.9%) and 
posterior (32.1%) regions. Most of the participants’ knees 
had crepitus (92.9%) and morning stiffness for less than 30 
minutes (82.1%). Bony tenderness was present in 25.0% 
of the participants, while bony enlargement (3.6%) was 
relatively uncommon (Supplementary Digital Material 1: 
Supplementary Table I). A higher BMI was significantly 
correlated with a higher risk of knee OA, while age, sex, 
activity level, and comorbidities were not significant fac-
tors predicting knee OA in this cohort. Descriptive data of 
the muscle properties in OA and non-OA knees are pre-
sented in Table II.

Logistic regression analyses revealed that, compared 
with the lowest stiffness tertiles, the highest stiffness tertiles 
for the RF (RR=5.01, 95% CI: 1.47-17.1, P=0.010), VMO 
(RR=4.41, 95% CI: 1.30-15.0, P=0.017), and total super-
ficial quadriceps (RR=5.92, 95% CI: 1.66-21.1, P=0.006) 
at baseline were significantly associated with a higher risk 
of clinical knee OA at the follow-up (Table II; Figure 3). 
After controlling for covariates, similar results persisted 
for the RF (RR=5.31, 95% CI: 1.34-20.1, P=0.017), VMO 
(RR=4.15, 95% CI: 1.04-16.6, P=0.044), and total super-
ficial quadriceps (RR=6.35, 95% CI: 1.48-27.3, P=0.013; 

Figure 2.—Participant inclusion diagram.
TKA: total knee arthroplasty; MCI: mild cognitive impairment; OA: 
osteoarthritis.

Table I.—�� Baseline characteristics of the 162 participants.
All

(324 case knees from 
162 participants)

Analyzed
(158 case knees from 

79 participants)

Dropped
(166 case knees from

83 participants)
P value

Demographics
Age (years) 65.8±4.0 65.6±4.1 66.0±3.9 0.471
Gender (females: males) 99: 63 46: 33 53: 30 0.463
BMI (kg/m2) 23.2±3.4 23.4±3.5 23.1±3.3 0.556
Activity level (N. of sedentary) 83 40 43 0.881
† Number of comorbidities (N. of participants) 0: 92

1: 44
>1: 26

0: 44
1: 21

>1: 14

0: 48
1: 23

>1: 12

0.700

Passive stiffness (kPa)
Total superficial quadriceps 20.7 (6.5) 20.4 (5.9) 20.9 (7.1) 0.355
Rectus femoris 10.5 (4.7) 10.4 (4.5) 10.6 (5.2) 0.557
Vastus lateralis 5.4 (2.0) 5.3 (1.9) 5.5 (2.2) 0.556
Vastus medialis oblique 4.4 (1.2) 4.5 (1.3) 4.4 (1.2) 0.510

Strength (Nm/kg)
Quadriceps 1.28±0.36 1.27±0.36 1.28±0.36 0.765
Hamstrings 0.61±0.20 0.63±0.21 0.59±0.18 0.080

Values are mean±SD, numbers or median (interquartile range) unless other indicates.
†Including hypertension, diabetes, cardiopulmonary disease, and dyslipidemia.

Participants recruited from the local communities and screened  
against the inclusion and exclusion criteria

(N.=225)

Baseline measurements
324 knees of 162 eligible participants tested for passive stiffness  

and strenght of quadriceps

Participants excluded (N.=63)
- knee pain or known arthritis (N.=43)
- knee injury (N.=17)
- TKA (N.=1)
- MCI (N.=14)
- stroke (N.=1)
* �Some excluded participants  

had more than one conditions

Participants dropped for (N.=83)
- the COVID-19 (N.=70)
- lose of contact (N.=5)
- lose of interest (N.=8)

OA knees
(N.=28)

Non-OA knees
(N.=130)

Knee examinations at the 12-month follow-up
Knees assessed for clinical knee OA (N.=158)
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(0.2-3.6%), and self-reported (2.3%) knee OA.7, 18 The 
radiographic criteria for knee OA are based on evidence 
of osteophyte formation or narrowing of the joint space 
(grade ≥2 in the Kellgren-Lawrence [K-L] classification 
system34), which may fail to identify the early stage of 
knee OA (defined as K-L grade 0 or 1, but with clinical 
signs and symptoms).35 Magnetic resonance images stud-
ies has identified tissue lesions in knees with K-L grades 
below 2.36, 37 In this study, the ACR clinical criteria32 were 
applied, based on which, 28 knees with clinical OA were 
identified. Most of the participants’ knees had pain while 
walking up or down stairs (92.9%), crepitus (92.9%), and 
morning stiffness for less than 30 minutes (82.1%), while 
clinical signs relating to structural damage were uncom-
mon (i.e., bony enlargement: 3.6%). It was suggested that 
the onset of self-reported knee pain during stair climbing 
is an important criterion for the clinical definition of early 
knee OA.38 In addition, knee pain was more prevalent in 
the anterior (50.0%) and lateral (50.0%) regions than in the 
medial region (42.9%). This was different from individu-
als with radiographically established knee OA (K-L grade 
≥2), for whom the most frequent pain zone was around the 
medial joint line (75%).39 As such, the 28 knees identified 
as having OA at 12 months were most likely at the early 
stage of the disease.

Table II). Compared with the lowest quadriceps strength 
tertile, the highest tertile at baseline was significantly asso-
ciated with a lower risk of clinical knee OA at the follow-
up (RR=0.19, 95% CI: 0.05-0.77, P=0.020), and this trend 
persisted after adjusting for covariates (RR=0.18, 95% 
CI: 0.03-1.25, P=0.083). However, hamstrings strength at 
baseline was not significantly associated with the risk of 
clinical knee OA at the follow-up, with or without adjust-
ment for covariates (P=0.056-0.105; Table II; Figure 3).

Discussion

Our study indicated that quadriceps muscle stiffness at 
baseline was associated with the incidence of knee OA at 
the 12-month follow-up. More specifically, an increase in 
the stiffness of quadriceps muscles, particularly the RF and 
VMO muscles, increased the likelihood of having clinical 
knee OA within 12 months. In addition, there was a trend 
towards greater quadriceps strength being associated with 
a lower risk of clinical knee OA.

Of the 158 knees from 79 older adults, 28 (17.7%) de-
veloped clinical OA. The annual incidence rate was simi-
lar to the previously reported incidence rates for clinical 
knee OA (11-27.5%),33 but was higher than the incidence 
rates reported for radiographic (2.0-3.6%), symptomatic 

Table II.—��Relative risk of knee osteoarthritis between different tertiles of quadriceps stiffness and knee muscle strength.

Muscle properties Tertiles Range in 
each tertile

Number of 
knees (OA 

knees)
Crude

RR (95% CI) P value Adjusted †
RR (95% CI) P value

Total superficial quadriceps shear 
modulus
(kPa)

Low (reference) 5.6-18.6 54 (4) 1.00 - 1.00 -
Medium 18.7-22.9 59 (10) 2.76 (0.80, 9.45) 0.107 2.96 (0.72, 12.2) 0.132
High 23.0-38.5 45 (14) 5.92 (1.66, 21.1)* 0.006* 6.35 (1.48, 27.3)* 0.013*

RF
Shear modulus
(kPa)

Low (reference) 3.0-9.3 53 (4) 1.00 - 1.00 -
Medium 9.4-12.0 49 (8) 2.60 (0.74, 9.20) 0.138 1.93 (0.48, 7.79) 0.355
High 12.1-19.8 56 (16) 5.01 (1.47, 17.1)* 0.010* 5.31 (1.34, 21.0)* 0.017*

VL
Shear modulus
(kPa)

Low (reference) 1.5-4.6 46 (7) 1.00 - 1.00 -
Medium 4.7-5.7 60 (10) 1.26 (0.42, 3.78) 0.683 1.52 (0.47, 4.88) 0.484
High 5.8-15.5 52 (11) 1.63 (0.54, 4.98) 0.390 1.92 (0.61, 6.01) 0.265

VMO
Shear modulus
(kPa)

Low (reference) 1.1-4.0 51 (4) 1.00 - 1.00 -
Medium 4.1-4.7 49 (9) 3.00 (0.88, 10.2) 0.080 3.91 (0.93, 16.4) 0.062
High 4.8-8.1 58 (15) 4.41 (1.30, 15.0)* 0.017* 4.15 (1.04, 16.6)* 0.044*

Quadriceps
strength (Nm/kg)

Low (reference) 0.50-1.11 56 (17) 1.00 - 1.00 -
Medium 1.12-1.41 50 (7) 0.37 (0.11, 1.22) 0.103 0.37 (0.11, 1.22) 0.102
High 1.42-2.41 52 (4) 0.19 (0.05, 0.77)* 0.020* 0.18 (0.03, 1.25) 0.083

Hamstrings
strength (Nm/kg)

Low (reference) 0.18-0.50 50 (14) 1.00 - 1.00 -
Medium 0.51-0.68 50 (8) 0.48 (0.16, 1.46) 0.194 0.51 (0.16, 1.64) 0.257
High 0.69-1.16 58 (6) 0.28 (0.07, 1.03) 0.056 0.32 (0.08, 1.27) 0.105

In OA knees (N.=28): the median (interquartile range) for the passive stiffness of total superficial quadriceps, RF, VL, and VMO were 23.0 (6.3), 12.8 (5.5), 5.4 (2.1), 
and 4.8 (1.3), respectively; the mean±SD for peak torques of quadriceps and hamstrings were 1.08±0.33 and 0.55±0.20, respectively. In non-OA knees (N.=130): the 
median (interquartile range) for the passive stiffness of total superficial quadriceps, RF, VL, and VMO were 19.6 (5.1), 10.1 (4.2), 5.3 (1.6), and 4.4 (1.4), respectively; 
the mean±SD for peak torques of quadriceps and hamstrings were 1.31±0.35 and 0.64±0.21, respectively.
OA: osteoarthritis; RF: rectus femoris; VL: vastus lateralis; VMO: vastus medialis oblique; RR: relative risk; 95% CI: 95% confidence interval of RR.
†Controlling for age, gender, body mass index, comorbidities, and activity level; *significant associations.
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High dynamic joint stiffness during the loading response 
phase, due to the increased resistance of the muscles or 
soft tissues around the knee during knee joint move-
ment,10, 11 has been related to the risk of knee OA.11, 15, 16 
However, further studies are required to assess the effects 
of increased quadriceps stiffness on gait mechanics.

Our findings indicate that the association between pas-
sive stiffness of the quadriceps and the incidence of clinical 
knee OA was specific to the RF and VMO muscles. During 
daily weight-bearing activities, eccentric contraction of the 
quadriceps is essential to de-load the knee joint during the 
loading phase.40 During this process, the bi-articular RF 
muscle head is subjected to more dynamic stretching than 
the other mono-articular quadriceps heads.41 In addition, 
Xu et al. (2019) found that the eccentric-exercise-induced 
increase in passive stiffness of the RF is significantly asso-
ciated with a reduction in peak torque of the quadriceps.41 
This may suggest that an increase in passive stiffness of 
the RF hampers the contraction of the quadriceps, thus af-
fecting the efficiency of internal force production to coun-
teract the external load on the knee. VMO muscle fibers 
mesh with the medial patellofemoral ligament (MPFL).22 
An increase in passive stiffness of the VMO may rein-
force the passive tension on the medial collateral ligament 
(MCL) via the VMO-MPFL complex and the medial knee 
retinacular fibres.22, 42 The length of the MCL increases by 
approximately 20% during knee flexion, suggesting that 
the normal length pattern of the MCL is important for knee 
kinematics.26 Increased VMO stiffness may increase dy-
namic knee stiffness through its effect on the medial col-
lateral ligament and hence increase the likelihood of de-
veloping knee OA. Moreover, the increased passive stiff-
ness of the knee extensor system may increase the risk of 
knee injuries (e.g., floating knee43), which may also affect 
the development of knee OA. Future studies are needed 
to explore therapeutic methods (e.g., physical agent mo-
dalities44 or nutraceutical therapy45) aiming to decrease the 
muscle-head-specific stiffness, which may be beneficial 
for the prevention of knee OA.

The VL connects with the lateral retinaculum.23 Concep-
tually, a stiffer VL may also increase the overall stiffness 
of the knee joint via its connection with lateral retinacular 
fibres. However, no significant association was observed 
between VL stiffness at baseline and the risk of clinical 
knee OA at the 12-month follow-up. The reason for this 
result may be that the VL has a larger cross-sectional area 
than the RF and VMO.46 For skeletal muscles, the slope 
of the positive linear relationship between muscle passive 
stiffness and passive force is largely determined by the 

This was the first prospective study relating passive 
muscle properties to the incidence of clinical knee OA. 
We found that greater passive stiffness of the superficial 
quadriceps heads at baseline was associated with a higher 
risk of having clinical knee OA at the 12-month follow-up. 
The question remains why an increase in passive stiffness 
of the quadriceps would increase the risk of clinical knee 
OA. An increase in passive stiffness of the quadriceps 
may cause an overall increase in knee joint stiffness via its 
muscle-tendon complex system or its connection with the 
ligamentous system around the knee joint.22, 23 Increased 
passive stiffness of skeletal muscle generates a steeper 
length–tension relationship (reflecting reduced compli-
ance)14 during joint motion. The initial loading phase dur-
ing gait is the crucial time during which flexion of the knee 
modulates the rapid increase in ground reaction force.2, 4 

Figure 3.—Relative risk of knee osteoarthritis between different tertiles 
of quadriceps stiffness and knee muscle strength.
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Limitations of the study

The present study has several limitations. First, only the 
three superficial muscle heads were measured to represent 
quadriceps stiffness. The deep head, vastus intermedius 
muscle, was not measured because its deep location be-
neath the superficial heads results in poor reliability for 
shear-wave elastography measurements.20 Second, our 
prior power analysis based on the previous study showed 
that 154 participants (308 knees) were needed.7 After con-
sidering the expected 20% dropouts, we were originally 
planning to recruit over 200 eligible participants (>400 
knees). Unfortunately, our baseline tests were interrupted 
in January 2020 by the COVID-19. Moreover, due to the 
pandemic, this cohort had a high drop-out rate. However, 
the demographics and baseline measurements were simi-
lar between the participants who dropped out and those 
who completed the study. In addition, the study population 
involved relatively healthy, well-functioning older adults 
living in community settings, and the 12-month follow-up 
primarily identified early-stage knee OA; hence, no par-
ticipant dropped out because of disease. Therefore, the risk 
of study bias is low. However, the reduced study power 
may have affected the examination of the effect of sex 
on such associations. As this was the first study to pro-
spectively examine the association between passive quad-
riceps stiffness and the risk of knee OA. Future studies 
with larger sample size are expected to further confirm our 
findings. Third, there may be concerns about the relatively 
low specificity (69%) of the ACR clinical criteria to define 
knee OA.32 We acknowledge the high disagreement be-
tween knee OA cases defined by the ACR clinical criteria 
and those defined by the radiographic criteria.50 Therefore, 
our findings should be interpreted as the effects of baseline 
muscle properties on clinically defined knee OA.

Conclusions

Increased passive stiffness of the quadriceps at baseline is 
associated with a higher risk of developing clinical knee OA 
at the 12-month follow-up in older adults. Our findings sug-
gest that good pliability and strength of the quadriceps may 
both be essential for the prevention of clinical knee OA.
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